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ABSTRACT: The reaction of Cl,GaH with a sodium salt of the dpp-Bian radical-anion (dpp-Bian®*")Na (dpp-Bian = 1,2-
bis[ (2,6-diisopropylphenyl)imino Jacenaphthene) affords paramagnetic gallane (dpp-Bian®~)Ga(Cl)H (1). Oxidation of (dpp-
Bian®~)Ga—Ga(dpp-Bian®") (2) with N,O results in the dimeric oxide (dpp-Bian®~)Ga(u*-O),Ga(dpp-Bian®~) (3). A treatment
of the oxide 3 with phenylsilane affords paramagnetic gallium hydrides (dpp-Bian®~)GaH, (4) and (dpp-Bian®*")Ga{OSi(Ph)H,}
H (5) depending on the reagent’s stoichiometry. The reaction of digallane 2 with benzaldehyde produces pinacolate (dpp-
Bian®*")Ga(O,C,H,Ph,) (6). In the presence of PhSiHj, the reaction between digallane 2 and benzaldehyde (2: PhSiHs;:
PhC(H)O = 1:4:4) affords compound 4. The newly prepared complexes 1, 3—6 consist of a spin-labeled diimine ligand—dpp-
Bian radical-anion. The presence of the ligand-localized unpaired electron allows the use of the ESR spectroscopy for
characterization of the gallium hydrides reported. The molecular structures of compounds 1, 3—6 have been determined by the

single-crystal X-ray analysis.

B INTRODUCTION

The gallium hydrides are extensively explored within the Group
13 metals hydride chemistry.'~* These compounds attract a
significant attention in terms of their practical application and
fundamental aspects. For instance, volatile Lewis acid—base
adducts of GaH; and some related hydridogallium derivatives
are considered as potential easy-to-handle sources for
preparation of GaN and GaAs films or nanoparticles in
MOCVD processes.z’s_8 Also, dichlorogallane CLGaH,” ™"
dialkyl-,"*~"* and diarylgallanes'*™"” react with unsaturated
substrates (ketones, nitriles, olefins, and alkynes) by addition of
the Ga—H bond across the multiple bond to result in
hydrogallation products.”'”'*'*7>° Hydrometalation reactions
of substituted alkynes by dichloro- or dialkylgallanes have been
investigated in detail, and the diversity of the reactions
pathways and the frameworks of the formed gallium-containing
compounds were shown.”'®7>° Sometimes, hydrogallation
reactions proceed more selectively compared to hydro-
alumination processes.”*

Monomeric gallium hydrides supported by the bidentate
N,N-ligands represent an interesting class of metal hy-
drides.”” > One may expect a high reactivity of these species
toward oxidants, unsaturated substrates as well as acids E—H (E
= C, N, P, O, S). Stepwise hydrolysis of f-1,3-diketiminate
derivative (dpp-nacnac)GaH, (dpp = 2,6-iPr,C¢H,;) affords
initially (dpp-nacnac)Ga(OH)H, and then (dpp-nacnac)Ga-
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(OH),.** Carbon dioxide inserts into Ga—H bond of (dpp-
nacnac)Ga(tBu)H to result in a formic acid derivative (dpp-
nacnac)Ga(fBu){OC(O)H}, which reacts with boron pinaco-
late (pin)BH (pin = OCMe,CMe,0) to afford boron formiate
(pin)B{HC(O)O} and starting (dpp-nacnac)Ga(tBu)H.>*
Furthermore, the latter complex catalyzes addition of
(pin)BH to CO,’" thus demonstrating perspectives of
application of the main-group metal derivatives as catalysts in
chemical syntheses.

In the mentioned catalytic carboxylation reaction, the active
site of (dpp-nacnac)Ga(tBu)H is represented by the metal—
hydrogen bond, while no structural or redox transformation
happens with the N,N-ligand. In contrast, a series of organic
molecules that may serve well as redox-active ligand in
complexes with metals have been reported. These molecular
systems have been intensively studied in the last years with the
aim to develop new catalytic systems.’*~*' Redox-active ligands
allow a significant extension of reactivity of the metal
complexes. For instance, because of reversible electron transfer
from/to redox-active ligand, the oxidative addition/reductive
elimination processes become possible even with redox-inactive
main group metals. In some of these labile metal complexes, the
ligands, besides the metal, participate directly in the formation
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of new chemical bonds. As for the transition-metal-based
catalysts, a chemical cooperation between the metal and redox-
active ligand can be influenced with the spectator group present
in the metal coordination sphere.

To date, §dlium complexes of the redox-active iminopyr-
idines,*”*’ diazadienes,”* ™’ and 1,2-bis(imino)-
acenaphthenes” ™° have been reported. Often they react
through electron transfer from/to the redox-active ligand. In
some cases, their reactions results in direct chemical bonds
between the ligand and substrate.*>*¥#875053765 B4 jnstance,
gallium complexes of a dianion of 1,2-bis[(2,6-
diisopropy‘l‘phenyl)imino]acenaphthene (dpp-Bian) react with
alkynes®*** and enones™ to afford cycloadducts. In the
course of these reactions, new bonds between the substrates
and metal as well as ligand are formed. Surprisingly, the newly
formed bonds are labile enough to eliminate the unchanged
substrate and the starting gallium compound with an increase in
temperature.

One may suggest that gallium hydrides coordinated to redox-
active dpp-Bian may disclose a rich chemistry due to the
presence of two different reactive sites: gallium—hydrogen bond
and redox-active dpp-Bian ligand. Depending on the reagents,
one of two reactive sites in the redox-active gallium hydrides
can be involved in the reaction. Since both of the reactive sites
are sensitive toward unsaturated substrates, one can expect the
respective chemoselectivity. On the other hand, the presence of
the two reactive centers in the molecules may allow a series of
the chemical successive processes on a single coordination
compound. In this paper, we report on the synthesis of gallium
hydrides supported with radical-anion of dpp-Bian, (dpp-
Bian®")Ga(X)H (1: X = Cl; 4: X = H; 5: X = OSi(Ph)H,) as
well as on the preparation and characterization of paramagnetic
gallium oxide (dpp-Bian®")Ga(u*-O),Ga(dpp-Bian®~) (3) and
gallium pinacolate (dpp-Bian®~)Ga(0,C,H,Ph,) (6) using
(dpp-Bian’")Ga—Ga(dpp-Bian®") (2) as starting reagent.
Also, we report on the attempted synthesis of gallium hydride
coordinated to dpp-Bian dianion.

B RESULTS AND DISCUSSION

Synthesis and Characterization of Compounds 1, 3, 4,
5, and 6. The reaction of Cl,GaH with (dpp-Bian®")Na (in
situ from dpp-Bian and one molar equivalent of Na metal in
Et,0) affords paramagnetic gallane (dpp-Bian®~)Ga(CI)H (1).
Compound 1 has been isolated from toluene as brown
prismatic crystals in 73% yield (Scheme 1).
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In the IR spectrum, the Ga—H bond in complex 1 gives rise
to the absorption at 1951, 1893, and 1866 cm™), which is well
compared with that in the IR spectra of CL,GaH”"' and gallium
hydrides coordinated to dianionic dad ligands.””*” Because of
the presence of the dpp-Bian radical-anion, compound 1
exhibits a well-resolved isotropic ESR signal in toluene (Figure
1). Its hyperfine structure reflects coupling of an unpaired
electron to one proton, to two equivalent *N nuclei, to **Cl

2mT

Figure 1. ESR spectrum of compound 1 (toluene, 298 K): (a)
experimental; (b) simulated (2,(2 X '*N) = 0476, a,(*H) = 0.590,
4(*°Cl) = 0219, 5,(*’Cl) = 0.183, ,(®Ga) = 1.423, a,("'Ga) = 1.807
mT; g = 2.0021).

and *’Cl magnetic isotops as well as to magnetic isotops “Ga
and "'Ga.

Despite the presence of a Ga—H bond, compound 1 is
unreactive toward styrene, hepten-1, vinyl-n-butyl ether, and
phenylacetylene. With these substrates, compound 1 does not
react even at reflux in toluene. An inertness of the dpp-Bian
radical-anion in compound 1 toward unsaturated substrates
(e.g., phenylacetylene) is expected because the cycloaddition of
the alkynes to dpp-Bian gallium derivatives occurs only when
the dpp-Bian acts as dianionic ligand. So, with dimethyl-
acetylenedicarboxylate complex, 1 reacts through oxidation of
the dpp-Bian radical-anion resulting in free dpp-Bian.

Looking for the synthetic approach to gallium dihydride
supported by dpp-Bian ligand, we have reacted (dpp-Bian®~)-
GaX, (X = CL,>* I°") with alkali metal hydrides MH (M = Na,
K). Although these reactions proceed in coordinating solvents,
the desired product could not be isolated. Bearing in mind that
gallium is not as oxophilic compared to some other main group
elements, we decided to synthesize gallium oxo-derivative and
then react it with aluminum or silicon hydrides. As intended,
oxidation of (dpp-Bian®~)Ga—Ga(dpp-Bian*~) (2) with N,O in
toluene resulted in an oxo-bridged compound (dpp-Bian®")-
Ga(p*-0),Ga(dpp-Bian®") (3) (Scheme 2). An increase in the
temperature of the reaction mixture from —95 to 20 °C was
accompanied by a color change from deep blue to red-brown.
Evolution of gaseous nitrogen was also observed. Oxide 3 has
been isolated in a form of deep green rhombohedra in 72%

yield.

Scheme 2. Synthesis of Compound 3 via Oxidation of
Digallane 2 by N,O
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For the formation of Ga—O bonds, digallane 2 recruits the
electrons from the metal—metal bond as well as from dianionic
dpp-Bian ligands that undergo oxidation to radical-anions in the
course of the reaction. In the same manner, dlgallane 2 reacts
with 3,6-di-tert-butyl-ortho-benzoquinone (3,6-Q),%” acenaph-
thenequinone, SO,, and Ph—N=N-Ph.** It is worth noting
that oxide 3 is a rare example of stabilization of a Ga(u*-0),Ga
core with a chelating ligand or bulky aryl substituent. Only
three compounds of this tyges are reported: (dpp-nacnac)Ga-
(4*-0),Ga(dpp-nacnac),’ [(dpp-DAB)Ga(u*-0)],[K-
(tmeda)], (dpp-DAB = (N(dpp)C(H)})" and Ar'Ga(u*
0),GaAr’ (Ar' = CgH;-2,6-(C4H;-2,6-Pr}),).”” These com-
pounds have been prepared by reacting N,O with gallenes
[(dpp-nacnac)Ga:],” [(dpp-DAB)Ga:][K(tmeda)],*® and di-
gallene Ar'Ga—GaAr',” correspondingly. On the other hand,
oxide 3 is the first paramagnetic u* oxo-bridged gallium
derivative. Oxidation of digallane 2 by an equimolar amount of
O, results in an intractable mixture of products besides free
dpp-Bian. The reaction of O, with [(dpp-DAB)Ga:][K-
(tmeda)] proceeds similarly.”® The stretching vibrations of
the sesquialteral C—N bonds in dpp-Bian radical-anion in
complex 3 results in the absorption at 1539 cm™ in the IR
spectrum. Despite the presence of the radical-anionic ligands,
compound 3 does not exhibit a resolved isotropic ESR signal.
This is indirect proof of a biradical character of compound 3.
Unfortunately, attempts to detect the corresponding signal for
biradical species in a glassy toluene matrix were unsuccessful.

Desired dihydride (dpp-Bian®~)GaH, (4) has been synthe-
sized by a treatment of oxide 3 with four molar equivalents of
PhSiH; (Scheme 3). With the lesser amount of the silane, the
intermediate silanolate (dpp-Bian®")Ga{OSi(Ph)H,}H (S)
could be isolated (Scheme 3).

Scheme 3. Hydrogenation of the Oxide 3 by PhSiH;.
Formation of the Compounds 4 and $
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The formation of compounds 4 and § suggests that another
product of the reaction is siloxane H,(Ph)SiOSi(Ph)H,, which
however was not isolated. It is worth noting that dihydride
(dpp-nacnac)GaH, can be prepared either by the exchange
reaction of the (dpp-nacnac)Gal, with LiH-BEt,*' or by the
oxidative addition of dihydrogene to [(dpp- nacnac)Ga:]."’zi0
Recently we have demonstrated that digallane 2 reacts with
transition metal carbonyls to afford transmon metal complexes
with carbenoide [(dpp-Bian®~)Ga:].*" However, this gallium
carbenoide was not detected in solution of digallane 2 in
toluene or thf even under UV irradiation or at elevated
temperatures. Hence, digallane 2 is unreactive toward H,. In
contrast, gallenes containing bulky aryl groups GaAr’’ (Ar"’ =
C¢H;-2,6-(C¢H;-2,6-Pr',),, CgH;-2,6-(CH,-2,6-Pr'y-4-Bu'),,

C¢H;-2,6-(C4H,-2,4,6-Pr';),) are monomers in solution even
at room temperature.” "’ 2 Compound Ga[C¢H;-2,6-(C¢H;-2,6-
Pr,),] reacts with H, (25 °C, 1 atm) to give the y*bridged
dimeric hydride complex.”” The hydrides 4 and § have been
isolated as brown crystals from diethyl ether in 47 and 53%
yield, correspondingly. The IR spectra of compounds 4 and §
consist of the absorption (4: 1547 cm™; §: 1545 cm™), which
is characteristic for sesquialteral C—N bonds in dpp-Bian
radical-anion. The presence of the Ga—H bonds in the IR
spectra of 4 and § is manifested by the absorption at 1897 and
1872 cm™" for 4 and 1939 and 1876 cm™" for 5. The stretching
vibrations of Si—H bond in complex § results in the band at
2119 cm™'. Monomeric derivative 4 reveals well-resolved ESR
signal at 298 K (Figure 2).

2y

i

-3

Figure 2. ESR spectrum of compound 4 (Et,O, 298 K): (a)
experimental; (b) simulated (2,(2 X *N) = 0.50, 3,(2 X 'H) = 1.06,
4(®Ga) = 2.03, 3,("'Ga) = 2.58 mT; g = 2.0023).

The ESR spectrum of complex § at 293 K is also well-
resolved. However, even at first glance, the presence of at least
two paramagnetic compounds in solution is evident (Figure
3a). A careful simulation of the major signal and of the signal of
paramagnetic impurity allowed us to conclude that the former
one belongs to complex 5 (Figure 3b), while the latter signal
corresponds to an admixture (5—7%) of complex 4 (Figure 3c).

The dihydride 4 can be synthesized by also reacting PhSiH;
with the gallium pinacolate and catecholate, (dpp—Bian'f)Ga—
(0,C,H,Ph,) (6) and (dpp-Bian®~)Ga(Cat) (Cat = [3,6-Q]*")
(7), which can be prepared reacting 2 with Ph(H)CO and 3,6-
di-tert-butyl-ortho-benzoquinone (3,6-Q)®> correspondingly.
Complex 7 has been synthesized recently®” and used in situ.
Pinacolate 6 was isolated as brown crystals from diethyl ether in
53% yield (Scheme 4).

As for the compounds 1, 3, 4, and §, the IR spectroscopy
confirms the presence of dpp-Bian radical-anion in complex 6
(v(C—N) 1543 cm™"). The ESR spectrum of pinacolate 6 in
toluene at 298 K shows the coupling of an unpaired electron to
two pairs of the protons (naphthalene part), to two equivalent
nitrogen atoms, and to gallium isotopes “Ga and 7'Ga (Figure
4).

To date, only two structurally characterized gallium
pinacolates have been reported: Me;Ga;[OC(C4H;),C-
(C¢H,),0],”* and tBu;Ga,[OC(CH,),C(CH;),0][OC-
(CH;);C(CH;),0H].”> Thus, complex 6 represents the first
mononuclear gallium pinacolate.

As complex 1, compound 4 is unreactive toward heptene-1
and phenylacetylene. On the other hand, we have found that §
mol % of compound 4 catalyzes the addition of PhSiH; to
Ph(H)CO (1 to 3 molar ratio) in benzene at ambient
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Figure 3. ESR spectrum of compound 5 (Et,0, 298 K): (a)
experimental; (b) simulated for BIANGa(H)OSi(H),Ph (a,(2 X '*N)
= 046, a;(1 X 'H) = 0.60, ,(®Ga) = 1.38, 3,("'Ga) = 1.75 mT; g =
2.0020); (c) simulated for 4.

Scheme 4. Formation of the Pinacolate 6 from Digallane 2
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Figure 4. EPR spectrum of compound 6 (toluene, 298 K): (a)
experimental; (b) simulated (3;(2 X 'H) = 0.090, a,(2 x 'H) = 0.128,

4(2 X “N) = 0442, 2,(¥Ga) = 1.445, 3,("'Ga) = 1.836 mT; g =
2.0025).

temperature. Within 7 h, the conversion of the starting
materials into PhSi(OCH,Ph), reaches 99% (NMR). A
tentative catalytic cycle for hydrosilylation of benzaldehyde by
phenylsilane in the presence of compound 4 is depicted in
Scheme 5. It should be also mentioned that some strong bases
(e.g, tBuOK’®) catalyze efficient addition of [Si—H] substrates
to carbonyl compounds.

Scheme S. Tentative Catalytic Cycle for Hydrosilylation of
Benzaldehyde by Phenylsilane in the Presence of Compound
4

Qs e
I
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Ph—CHz—O—[Si] [Si]—H

[Si]—H = 1/n PhSiHy(OCH2Ph)3.n; N = 1-3

In order to synthesize gallium hydride species coordinated to
dpp-Bian dianion, we have reacted compound 1 with sodium
metal (one molar equivalent) in diethyl ether. Unfortunately,
this reaction resulted in an intractable mixture of product. The
reaction of complex (dpp-Bian®~)GaCl, with LiAlH, in THF
affords the aluminum complex of dpp-Bian dianion, [(dpp-
Bian®")Al(u-Cl),Li(thf);], as a single isolable product. Its
synthesis and characterization will be published elsewhere. Just
recently, we have prepared the aluminum counterpart of the
desired gallium hydride. Thus, the reaction of (dpp-Bian>~)Na,
with CLAIH in diethyl ether affords aluminum hydride with
dpp-Bian dianion, (dpp-Bian>~)AIH(Et,0).”” Unexpectedly, an
analogous reaction between (dpp-Bian’")Na, and CL,GaH in
Et,0 afforded NaCl, digallane (dpp-Bian*~)Ga—Ga(dpp-
Bian®"), and unidentified products.

Molecular Structures of 1, 3, 4, 5, and 6. Molecular
structures of compounds 1, 3, 4, 5, and 6 (Figures S, 6,7, 8 and
9, correspondingly) have been determined by single crystal X-
ray analysis. The crystal data and structure refinement details
are listed in Table SI.

In all the molecules, the gallium atoms reveal a slightly
distorted tetrahedral environment. The reduction state of the
dpp-Bian ligand (0, —1, or —2) in its metal complexes can be
easily deduced from the analysis of the bond lengths within the
diimine moiety. Thus, moving from the neutral to radical-
anionic and further to dianionic dpp-Bian the C(1)—N(1) and

Figure S. Molecular structure of 1. Thermal ellipsoids are drawn at
50% probability level. Hydrogen atoms with the exception of H(1) are
omitted for clarity. Selected bond lengths (A) and angles (deg): Ga—
Cl 2.1535(8), Ga—N(1) 1.958(2), Ga—N(2) 1.952(2), N(1)—C(1)
1.327(3), N(2)—C(2) 1.326(3), C(1)—C(2) 1.425(3); N(1)—Ga—
N(2) 86.06(7).

DOI: 10.1021/acs.inorgchem.7b02138
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Figure 6. Molecular structure of 3. Thermal ellipsoids are drawn at 50% probability level. Hydrogen atoms are omitted for clarity. Selected bond
lengths (A) and angles (deg): Ga(1)—O(1) 1.842(2), Ga(1)—O(1A) 1.837(2), Ga(1)--Ga(1A) 2.5464(6), Ga(1)—N(1) 1.979(2), Ga(1)—N(2)
1.959(2), N(1)—C(1) 1.343(3), N(2)—C(2) 1.336(3), C(1)—C(2) 1.436(4); O(1)—Ga(1)—O(1a) 92.38(8), Ga(1)—O(1)—Ga(1A) 87.62(8),

N(1)—Ga(1)—N(2) 86.54(9).

Figure 7. Molecular structure of 4. Thermal ellipsoids are drawn at
50% probability level. Hydrogen atoms with the exception of H(1) and
H(2) are omitted for clarity. Selected bond lengths (A) and angles
(deg): Ga—H(1) 1.53(2), Ga—H(2) 147(2), Ga—N(1) 1.983(2),
Ga—N(2) 1.997(2), N(1)-C(1) 1.324(2), N(2)—C(2) 1.329(2),
C(1)-C(2) 1.435(2); H(1)—Ga—H(2) 122.5(13), N(1)-Ga—N(2)
84.76(5).

Figure 8. Molecular structure of S. Thermal ellipsoids are drawn at
50% probability level. Hydrogen atoms with the exception of H(1),
H(2), and H(3) are omitted for clarity. Selected bond lengths (A) and
angles (deg): Ga—H(1) 1.49(3), Ga—O(1) 1.807(2), Ga—N(1)
1.951(2), Ga—N(2) 1.973(2), N(1)-C(1) 1.331(3), N(2)-C(2)
1.332(3), C(1)—C(2) 1.436(3), Si(1)—O(1) 1.609(2); H(1)—Ga—
O(1) 116.5(13), N(1)—Ga—N(2) 85.89(8), Ga—0O(1)-Si(1)
129.3(2), O(1)-Si(1)—C(37) 109.8(2).

C(2)—N(2) bonds become longer, while the C(1)—C(2) bond
becomes shorter. These geometrical changes reflect a

)
o A

C(37)

Figure 9. Molecular structure of 6. Thermal ellipsoids are drawn at
50% probability level. Hydrogen atoms are omitted for clarity. Selected
bond lengths (A) and angles (deg): Ga—O(1) 1.830(3), Ga—O(2)
1.826(3), Ga—N(1) 1.946(3), Ga—N(2) 1.949(3), N(1)-C(1)
1.337(5), N(2)—C(2) 1.336(5), C(1)—C(2) 1.445(5), C(37)-0(1)
1.423(5), C(38)—0(2) 1.439(5), C(37)—C(38) 1.571(6), C(37)—
C(39) 1.511(5), C(38)—C(45) 1.507(6); O(1)—Ga—0(2) 94.2(2),
N(1)-Ga—N(2) 86.5(2), Ga—0O(1)—C(37) 104.2(2), Ga—0O(2)—
C(38) 106.9(2), O(1)—C(37)—C(38) 108.1(3), O(2)—C(38)—
C(37) 107.5(3), O(1)-C(37)—-C(39) 111.7(3), O(2)—C(38)—
C(45) 112.8(3).

population of the LUMO of dpp-Bian in the course of its
reduction. In complexes 1, 3, 4, 5, and 6, the corresponding
values lie in a narrow range (C(1)—N(1), 1.324(2)—1.343(3)
A; C(2)-N(2), 1.326(3)-1.336(3) A; and C(1)-C(2),
1.425(3)—1.445(5) A) and confirm unambiguously the
radical-anionic states of the dpp-Bian ligands. These bonds
compare to those in paramagnetic complexes (dpp-Bian'_)-
GaX, (X = CI,>* 1,°' SCH,Ph,”® CCPh’® and N(H)Ph;”® both
C-N, 1.33 A (average) and C(1)—C(2), 1.43 A (average)).
Also, the bonds Ga—N(1) (1.951(2)—1.983(2) A) and Ga-—
N(2) (1.952(2)—1.997(2) A) are close to those values in
gallium complexes of dpp-Bian radical-anion.*"*373%¢1 =637
The oxide 3 is a centrosymmetric dimer. The gallium atoms
are connected via two O”” ligands. The almost square core
Ga(p*-0),Ga forms the plane, which is practically orthogonal
(89.4°) to the planes estimated with the C and N atoms of the
diimine moieties. The difference in Ga(1)—0O(1) (1.842(2) A)
and Ga(1)—O(1a) (1.837(2) A) bond lengths is as small as
0.005 A. These bond lengths are close to those in the
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ketiminate derivative [(dpp-nacnac)Ga(u*-0)], (1.8536(9)
and 1.8485(9) A).°® On the other hand, two Ga—O bonds in
diazadiene derivative [(dpp-DAB)Ga(u-O)],[K(tmeda)], dif-
fer significantly (1.814(3) and 1.905(3) A).% In complex 3, the
Ga--Ga separation (2.5464(6) A) is 0.03 A longer than the
Ga—Ga bond in digallane (dpp-Bian®")Ga(u*-AcQ)Ga(dpp-
Bian®") (2.5159(6) A),** and 0.03 A shorter than the Ga—Ga
b011<71 in digallane (dpp-DAB)IGa—Gal(dpp-DAB) (2.576(2)
A).

The parameters of the fragments H-Ga—X in 1 (X = Cl), 4
(X =H), and § (X = OSiPhH,) can be compared to each other
as well as with those parameters of the related gallium hydrides.
For complex 1, this comparison is not entirely correct because
the Ga—H distance in 1 was fixed in the course of the structure
refinement. Nevertheless, the Ga—Cl bond length in complex 1
has been determined rather accurately (2.1535(8) A). It is
practically identical with those values in dichlorgallane
H(Cl)Ga(u*-Cl),Ga(Cl)H (2.1538(5) A)'" and in complex
(dpp-Bian®")GaCl, (average 2.153 A).>* On the other hand,
the Ga—Cl bond in complex 1 is shorter compared to the
corresponding bonds in {[Me,NCH,CMe,CH,(H)N]Ga(Cl)-
H}, (2.2478(8) A)” and [(hpp)Ga(Cl)H], (2.202(2) A) (hpp
=1 ,3,4,6,7,8—hexahydro—ZH—pyrimido[1,2—(1]pyrimidate).80

The Ga—H bond lengths in complex 4 (1.53(2) and 1.47(2)
A) fall in to the range of those lengths in gallium dihydrides
[(tBu-DAB)GaH], (1.46(6) A),”” [(dpp-DAB)GaH,][Li-
(thf),] (1.55(4) and 1.54(5) A)*° and (dpp-nacnac)GaH,
(1.52(2) and 1.54(2) A).*! The Ga—H bond in silanolate §
(1.49(3) A) is comparable to those bonds in the related (dpp-
nacnac)GaH(OSi(Ph),OH) (1.42(2) A),”°
[(OSiPh,08iPh,0)[Ga(H)],(OtBu),] (average 1.44(S) A)
and [(OSiPh,0SiPh,0S8iPh,0)GaH], (1.38(6) A).*' The
Ga—0(Si) bond in complex 5 (1.807(2) A) is close to those
in (dpp-nacnac)GaH(OSi(Ph),0H) (1.830(1) A),
[(OSiPh,0SiPh,0SiPh,0)GaH], (1.919(2) A) and
[(OSiPh,08iPh,0)[Ga(H)],(OtBu),] (average 1.789(3) A).
The angle H(1)—Ga—0(1) in silanolate 5 (116.5(13)°) is well
compared with that in (dpp-nacnac)GaH(OSi(Ph),0H)
(114.2(8)°).

The carbon atoms C(37) and C(38) in the pinacolate ligand
in complex 6 (Figure 9) are chiral. The unit cell (Z = 4) consist
of two enantiomeric pairs, (R)-C(37)—(S)-C(38) and (S)-
C(37)—(R)-C(38). The metalacycle —Ga—0O(1)—C(37)—
C(38)—0(2)— exhibits a conformation of a “half-chair”. The
torsion angle C(39)—C(37)—C(38)—C(45) is 47.1°. The
distance between the centroids of the phenyl rings in the
pinacolate ligand (4.39 A) is 0.34 A shorter than that distance
in D-(+)-hydrobenzoin (4.73 A).** The bond C(37)—C(38)
(1.571(6) A) is elongated compared to corresponding bond in
D-(+)-hydrobenzoin, while the bonds C(37)—0(1) (1.423(5)
A) and C(38)—0(2) (1.439(5) A) are close to those in D-
(+)-hydrobenzoin (1.538(4), 1.424(4) and 1.435(4) A). The
Ga—O bond lengths (1.830(3) and 1.826(3) A) in compound
6 are shorter than those bond lengths in the related pinacolates
tBuyGa,[ OC(CH,),C(CH;),0][OC(CH;);C(CH,),0H] and
Me;Ga;[OC(C¢H;),C(C¢H;),0], (1.859(3)—2.180(3) A),
while the angle O(1)—Ga—0(2) (94.2(2)°) is larger compared
to the pinacolates mentioned above (75.6(1)—84.7(1)°).”*”
This difference in the bond lengths and angles reflects the
difference in the coordination number of complex 6 (CN = 4)
and in the alkylgalliumpinacolates (CN = $).

B CONCLUSION

In this paper, we reported the synthesis and characterization of
the first gallium hydride derivatives that consist of the
paramagnetic radical-anionic ligand, namely, acenaphthene-
1,2-diimine, (dpp-Bian®")Ga(X)H (X = C|, 1; H, 4; OSi(Ph)-
H,, 5). Due to the bulkiness and rigidity of the dpp-Bian ligand,
the complexes 1, 4, and S represent monomeric four-coordinate
gallium species. Two synthetic approaches have been used for
the preparation of desired compounds: (i) the salt elimination
exchange reaction; (ii) hydrogenation of the Ga—O bond with
PhSiH;. The latter approach seems to be more useful because it
allows the preparation of gallium mono- as well as dihydrides.
The presence of the dpp-Bian radical anion in the complexes 1,
4, and S both in solution and in the solid state has been
unambiguously confirmed by the ESR spectroscopy and X-ray
crystallography.

Recently, we have shown that in alkylaluminum complexes,
the dpp-Bian is acting rather as stabilizing ligand toward alkyl—
aluminum bond. For instance, Ph,C=0 and PhC=CH do not
insert into the Al-C(Et) bond in compound (dpp-Bian®")-
AIEt(Et,0): the ketone replaces the coordinating solvent, while
the alkyne forms the cycloadduct through the formation of C—
C and C—Al bonds.*” The situation seems to be similar to
gallium hydrides 1 and 4. They do not react with the
unsaturated substrates (e.g., alkenes and alkynes). However,
dihydride 4 catalyzes addition of PhSiH; to Ph(H)C==0. This
reaction proceeds presumably through the insertion of the
latter into the Ga—H bond. On the other hand, instability of
the Ga—H bond in the presence of the dpp-Bian dianion
reveals the difference between aluminum and gallium species.
Thus, compound (dpp-Bian®")AIH(Et,0) can be prepared
straightforwardly by reacting (dpp-Bian> )Na, with CLAIH,
while the reaction of (dpp-Bian®~)Na, with Cl,GaH in Et,O
gives digallane (dpp-Bian®~)Ga—Ga(dpp-Bian>").

B EXPERIMENTAL SECTION

General Remarks. The newly obtained compounds 1 and 3—6 are
sensitive to oxygen and air moisture, so all manipulations for their
synthesis, isolation, and identification were carried in a vacuum using
glass ampules. The dpp-Bian was prepared by the condensation of
acenaphthenequinone with 2,6-diisopropylaniline (both from Aldrich)
in acetonitrile under reflux. The 3,6-di-tret-bytyl-orto-benzoquinone®*
and dichlorogallane'' were synthesized according to known
techniques. Nitrous oxide (N,O) was synthesized by reaction of
sulfamic acid (H,NSO;H) with HNO; (73%), then passed through
solid NaOH and P,O,, powder for purification and drying. The
compound (dpp-Bian®~)Na was obtained by the reaction of dpp-Bian
(2 g, 4.0 mmol) with sodium (0.092 g, 4.0 mmol) in diethyl ether (50
mL) and used in situ in the reaction with dichlorogallane. Digallane
(dpp-Bian*~)Ga—Ga(dpp-Bian*~) (2) was prepared by reflux of dpp-
Bian (0.5 g, 1.0 mmol) with an excess of gallium metal in toluene (30
mL) and used in situ in the reactions described below. The yields of
the products were calculated from the starting amount of the dpp-
Bian. Phenylsilane (CAS 694-53-1) and benzaldehyde (CAS 100-52-7)
were purchased from Aldrich and dried over CaH, prior to use.
Toluene and diethyl ether were dried by distillation from sodium
benzophenone. The melting points were determined in sealed
capillaries. The IR spectra were recorded on a FSM-1201 instrument
in mineral oil. The ESR spectra were recorded on a Bruker EMX
spectrometer (9.75 GHz); the signals were referred to the signal of
diphenylpicrylhydrazyl (g = 2.0037) and simulated with the WinEPR
SimFonia Software (Bruker).

(dpp-Bian*")Ga(Cl)H (1). To a solution of (dpp-Bian®*")Na (in
situ from 2.0 g, 4.0 mmol of dpp-Bian) in diethyl ether (50 mL), the
dichloroglanane (0.56 g, 4.0 mmol) was added. The mixture was
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stirred for 30 min, and the resulting NaCl was filtered off. After
replacing the diethyl ether with toluene, the resulting brown solution
was concentrated (20 mL) under vacuum. In the course of 24 h at 10
°C, brown crystals of (dpp-Bian)Ga(Cl)H precipitated (1.77 g, 73%).
mp = 285 °C. Anal. Calcd for Cy4H,,ClGaN, (606.88): C, 71.25; H,
6.81; N, 4.62; Cl, 5.84. Found: C, 71.49; H, 6.89; N, 4.66; Cl, 5.65%.
IR (mineral oil): 1951 (s) (Ga—H), 1893 (w) (Ga—H), 1866 (m)
(Ga—H), 1820 (w), 1805 (w), 1732 (w), 1672 (w), 1598 (m), 1583
(w), 1545 (s), 1426 (m), 1363 (m), 1324 (s), 1253 (m), 1214 (m),
1189 (m), 1149 (m), 1114 (m), 1080 (w), 1054 (m), 1037 (w), 1007
(w), 968 (w), 951 (s), 933 (m), 897 (w), 876 (w), 819 (m), 802 (m),
774 (m), 762 (s), 748 (w), 672 (m), 656 (m), 641 (w), 590 (w), 558
(w), 547 (w) 516 (w), 504 (w). ESR (toluene, 298 K): a,(2 X *N) =
0.476, a,(1 x 'H) = 0.590, 3,(>*Cl) = 0.219, a,(*’Cl) = 0.183, ,(*Ga) =
1.423, 3,("'Ga) = 1.807 mT; g = 2.0021.
(dpp-Bian®*")Ga(u>-0),Ga(dpp-Bian®") (3). To a solution of 2
(in situ from 0.5 g, 1.0 mmol of dpp-Bian) in toluene (30 mL), N,O
(24 mL, 1.0 mmol) was added at —95 °C, and the ampule was sealed
under vacuum. An increase in the temperature of the reaction mixture
to 20 °C was accompanied by evolution of N, and a color change from
deep blue to red-brown. After 4 days, the dark-green crystals of oxide 3
(042 g, 72%) were isolated. mp > 250 °C. Anal. Caled for
C,,HgoGaN,0, (1172.84): C, 73.74; H, 6.88; N, 4.78. Found: C,
73.89; H, 6.82; N, 4.63%. IR (mineral oil): 1592 (w), 1539 (s), 1379
(w), 1363 (m), 1321 (m), 1255 (m), 1211 (w), 1185 (w), 1144 (w),
1112 (w), 1060 (w), 1040 (w), 821 (m), 801 (s), 774 (s), 764 (s), 760
(s), 606 (s), 596 (s), 547 (m).
(dpp-Bian®*")GaH, (4). Method A. To a suspension of compound
3 (036 g, 0.3 mmol) in diethyl ether (20 mL), PhSiH; (0.13 g, 1.2
mmol) was added. Oxide 3 dissolved completely, and the color of
reaction mixture turned to brown. Brown crystals of dihydride 4 (0.16
g, 47%) were separated from concentrated Et,O solution. Method B.
To a solution of compound 2 (in situ from 0.5 g, 1.0 mmol of dpp-
Bian) in toluene (30 mL), phenylsilane (0.216 g, 2.0 mmol) and
benzaldehyde (0.212 g, 2.0 mmol) were consequently added. The
color of the reaction mixture changed to brown. Toluene was removed
in vacuum, and the residue was dissolved in diethyl ether (10 mL).
Crystallization from diethyl ether gave the compound 4 (0.18 g, 31%).
Method C. To a solution of compound 2 (in situ from 0.5 g, 1.0 mmol
of dpp-Bian) in toluene (30 mL), 3,6-di-tret-bytyl-orto-benzoquinone
(0.22 g, 1.0 mmol) was added. The ampule was sealed off and heated
at 80 °C. Within 2 h, the reaction mixture turned green. Then ampule
was opened and PhSiH; (0.216 g 2.0 mmol) was added to the
reaction mixture. The ampule was sealed off again and heated at 80 °C
until the color of reaction mixture changed from green to brown. Then
solvent was removed in vacuum, and the residue was dissolved in
diethyl ether. Crystallization from diethyl ether afforded compound 4
(0.25 g, 44%). mp > 250 °C. Anal. Calcd for C34H,,GaN, (572.43): C,
75.54; H, 7.40; N, 4.88. Found: C, 75.96; H, 7.48; N, 4.72%. IR
(mineral oil): 1897 (s) (Ga—H), 1872 (s) (Ga—H), 1615 (m), 1597
(m), 1547 (s), 1323 (s), 1256 (m), 1211 (s), 1188 (m), 1115 (m),
1053 (m), 1040 (m), 933 (m), 823 (s), 814 (s), 802 (s), 781 (s), 764
(s), 744 (s), 696 (s), 675 (s), 663 (m), 615 (w), 596 (w), 551 (w),
505 (s). ESR (toluene, 298 K): a,(2 x *N) = 0.50, a;(2 X 'H) = 1.00,
4(®Ga) = 1.92, 3,("'Ga) = 2.44 mT; g = 2.0025.
(dpp-Bian®*")Ga{OSi(Ph)H,}H (5). To a suspension of compound
3 (0.36 g, 0.3 mmol) in diethyl ether (30 mL), PhSiH; (0.06S g, 0.6
mmol) was added. Oxide 3 dissolved, and the color of reaction mixture
turned to brown. Brown crystals of complex 5 (0.22 g, 53%) were
separated from concentrated Et,O solution. Calcd for C,,H,3GaN,OSi
(694.63): C, 72.62; H, 6.97; N, 4.03. Found: C, 71.82; H, 7.03; N,
3.94%. mp = 190 °C. IR (mineral oil): 2119 (s) (Si—H), 1939 (s)
(Ga—H), 1876 (w) (Ga—H), 1594 (s), 1545 (s), 1430 (s), 1362 (m),
1327 (s), 1264 (m), 1213 (m), 1188 (m), 1117 (s), 970 (s), 897 (s),
825 (m), 814 (s), 808 (m), 764 (s), 764 (s), 739 (s), 702 (s), 652 (m),
644 (m), 630 (s), 615 (w), 557 (w), 499 (s).
(dpp-Bian*")Ga(0,C,H,Ph,) (6). To a solution of compound 2
(in situ from 0.5 g, 1.0 mmol of dpp-Bian) in toluene (30 mL),
benzaldehyde (0.212 g, 2.0 mmol) was added. The color of the
reaction mixture changed to red. The solvent was removed in vacuum,

and the residue was dissolved in diethyl ether (10 mL). The
compound 6 was isolated (0.45 g, 53%) by crystallization from the
concentrated solution. Calcd for Cs;3,Hgo35GaN,0,4, (844.54): C,
75.86; H, 7.20; N, 3.32. Found: C, 76.81; H, 7.14; N, 3.52%. Mp = 86
°C. IR (mineral oil): 1598 (m), 1585 (w), 1543 (s), 1365 (s), 1350
(s), 1307 (m), 1265 (m), 1254 (m), 1215 (m), 1203 (w), 1185 (m),
1149 (m), 1118 (s), 1077 (m), 1058 (w), 1034 (s), 1023 (s), 971 (w),
951 (w), 936 (w), 894 (w), 882 (w), 869 (w), 844 (w), 821 (s), 802
(s), 771 (s), 761 (s), 746 (s), 712 (s), 697 (s), 675 (s), 670 (m), 650
(m), 637 (m), 610 (s), 562 (m), 545 (w), 517 (w), 507 (w). ESR
(toluene, 298 K): a,(2 X 'H) = 0.090, a;(2 X 'H) = 0.128, a;(2 X N)
= 0442, 3,(®Ga) = 1.445, a,(""Ga) = 1.836 mT; g = 2.0025.

X-ray Crystallography. The X-ray data for 1 and 3—6 were
collected on Bruker Smart Apex (3), Bruker D8 Quest (1, §), and
Agilent Xcalibur E (4, 6) diffractometers (Mo Ka radiation, w-scans
technique, 1 = 0.71073 A, T = 100(2) K) using SMART, APEX2,*®
and CrysAlis PRO® software packages. The structures were solved by
direct and dual-space®” methods and were refined by full-matrix least-
squares on F” for all data using SHELX.** SADABS® and CrysAlis
PRO were used to perform area-detector scaling and absorption
corrections. All non-hydrogen atoms were found from Fourier
syntheses of electron density and were refined anisotropically.
Hydrogen atoms of hydride ligands in 1, 3 and § also were found
from Fourier syntheses of electron density and were refined
isotropically. Other hydrogen atoms in 1 and 3—6 were placed in
calculated positions and were refined in the “riding” model with
U(H),, = 12U, of their parent atoms (UH); = 1.5U,, for methyl
groups).

B ASSOCIATED CONTENT

© Supporting Information
The Supporting Information is available free of charge on the
ACS Publications website at DOI: 10.1021/acs.inorg-
chem.7b02138.
Crystallographic data and structure refinement details for
1, 3—6 are given in Table S1 (PDF)

Accession Codes

CCDC 1569549—1569553 contain the supplementary crystal-
lographic data for this paper. These data can be obtained free of
charge via www.ccdc.cam.ac.uk/data_request/cif, or by email-
ing data_request@ccdc.cam.ac.uk, or by contacting The
Cambridge Crystallographic Data Centre, 12 Union Road,
Cambridge CB2 1EZ, UK; fax: +44 1223 336033.

B AUTHOR INFORMATION
Corresponding Author
*E-mail: igorfed@iomc.ras.ru.
ORCID

Alexander V. Piskunov: 0000-0002-8200-9433
Igor L. Fedushkin: 0000-0003-2664-2266

Notes
The authors declare no competing financial interest.

B ACKNOWLEDGMENTS

The research was supported by the Russian Science Foundation
(Grant No. 14-13-01063). Assistance of Dr. A.N. Lukoyanov in
the synthesis of compound 3 is also acknowledged.

B REFERENCES

(1) Downs, A. J; Pulham, C. R. The Hydrides of Aluminium,
Gallium, Indium, and Thallium: A Re-evaluation. Chem. Soc. Rev. 1994,
23, 175—184.

DOI: 10.1021/acs.inorgchem.7b02138
Inorg. Chem. XXXX, XXX, XXX—XXX


http://pubs.acs.org
http://pubs.acs.org/doi/abs/10.1021/acs.inorgchem.7b02138
http://pubs.acs.org/doi/abs/10.1021/acs.inorgchem.7b02138
http://pubs.acs.org/doi/suppl/10.1021/acs.inorgchem.7b02138/suppl_file/ic7b02138_si_001.pdf
https://summary.ccdc.cam.ac.uk/structure-summary?pid=ccdc:1569549&id=doi:10.1021/acs.inorgchem.7b02138
https://summary.ccdc.cam.ac.uk/structure-summary?pid=ccdc:1569553&id=doi:10.1021/acs.inorgchem.7b02138
http://www.ccdc.cam.ac.uk/data_request/cif
mailto:data_request@ccdc.cam.ac.uk
mailto:igorfed@iomc.ras.ru
http://orcid.org/0000-0002-8200-9433
http://orcid.org/0000-0003-2664-2266
http://dx.doi.org/10.1021/acs.inorgchem.7b02138

Inorganic Chemistry

(2) Jegier, J. A; Gladfelter, W. L. The use of aluminum and gallium
hydrides in materials science. Coord. Chem. Rev. 2000, 206—207, 631—
650.

(3) Aldridge, S.; Downs, A. J. Hydrides of the Main-Group Metals:
New Variations on an Old Theme. Chem. Rev. 2001, 101, 3305—3365.

(4) Uhl, W. Hydroalumination and hydrogallation of alkynes: New
insights into the course of well-known reactions. Coord. Chem. Rev.
2008, 252, 1540—1563.

(5) Luo, B; Gladfelter, W. L. 1,1-Dimethylhydrazidogallane and a
gallium hydrazide with two Ga,N, rings bridged by two NNMe,
ligands. Chem. Commun. 2000, 825—826.

(6) Luo, B; Young, V. G, Jr; Gladfelter, W. L. Syntheses and
Structures of Quinuclidine-Stabilized Amido- and Azidogallanes. Inorg.
Chem. 2000, 39, 1705—1709.

(7) Cowley, A. R; Downs, A. J.; Himmel, H. J; Marchant, S;
Parsons, S.; Yeoman, J. A. 1,1,3,3-Tetramethylguanidine—gallane,
(Me,N),CN(H)-GaHj: an unusually strongly bound gallane adduct.
Dalton Trans. 2005, 1591—1597.

(8) Luo, B,; Kucera, B. E,; Gladfelter, W. L. Mono- and digallane
complexes of a tridentate amido-diamine ligand. Chem. Commun.
20085, 3463—346S.

(9) Schmidbaur, H.; Findeiss, W.; Gast, E. Synthesis of
Dichlorogallane HGaCl,. Angew. Chem., Int. Ed. Engl. 1965, 4, 152.

(10) Ohshita, J.; Schmidbaur, H. The reaction of hydrogallium(III)
dichloride (HGaCl,) with olefines, acetylenes, and a,f-unsaturated
ketones. J. Organomet. Chem. 1993, 453, 7—12.

(11) Nogai, S; Schmidbaur, H. Dichlorogallane (HGaCl,),: Its
Molecular Structure and Synthetic Potential. Inorg. Chem. 2002, 41,
4770—4774.

(12) Eisch, J. J. Organometallic Compounds of Group IIL II the
Reaction of Gallium Alkyls and Alkyl Hydrides with Unsaturated
Hydrocarbons. J. Am. Chem. Soc. 1962, 84, 3830—3836.

(13) Uhl, W,; Cuypers, L; Graupner, R; Molter, J.; Vester, A;
Neumiiller, B. Einfache Synthese von Alkylaluminium- und
Alkylgalliumhydriden — Kristallstrukturen von [(Me;C),GaH]; und
den neuartigen Sesquihydriden [(Me;C),EH],[EH,CMe,], (E = Al
Ga). Z. Anorg. Allg. Chem. 2001, 627, 607—614.

(14) Uhl, W.; Cuypers, L; Geiseler, G.; Harms, K; Massa, W.
Synthesen und Kiristallstrukturen von Dialkylgalliumhydriden —
dimere versus trimere Formeleinheiten. Z. Anorg. Allg. Chem. 2002,
628, 1001—1006.

(15) Cowley, A. H.; Gabbai, F. P.; Isom, H. S.; Carrano, C. J.; Bond,
M. R. Base-Free Monomeric Organogallium Hydrides. Angew. Chem,,
Int. Ed. Engl. 1994, 33, 1253—1258.

(16) Wehmschulte, R. J.; Ellison, J. J.; Ruhlandt-Senge, K.; Power, P.
P. New Base-Free Alanes and Gallanes: Synthesis and Characterization
of Monomeric Mes*,GaH (Mes* = 2,4,6-t-Bu;C¢H,), Dimeric
(Trip,MH), (Trip = 2,4,6-i-PryCH,; M = Al, Ga), and Related
Sterically Crowded Arylaluminum Species. Inorg. Chem. 1994, 33,
6300—6306.

(17) Wehmschulte, R. J.; Steele, J. M.; Khan, M. A. Diterphenylgal-
lium Alkyls and Hydride: Synthesis, Characterization, and Reactivity.
Organometallics 2003, 22, 4678—4684.

(18) Takami, K.; Mikami, S.; Yorimitsu, H.; Shinokubo, H.; Oshima,
K. Triethylborane-Mediated Hydrogallation and Hydroindation:
Novel Access to Organogalliums and Organoindiums. J. Org. Chem.
2003, 68, 6627—6631.

(19) Uhl, W.; Claesener, M. Hydrogallation of Alkynes with H-
GaCl,: Formation of Organoelement Dichlorogallium Compounds
Potentially Applicable as Chelating Lewis Acids. Inorg. Chem. 2008, 47,
4463—4470.

(20) Uhl, W,; Claesener, M.; Haddadpour, S.; Jasper, B.; Tiesmeyer,
L; Zemke, S. Hydrogallierungsreaktionen mit den Monoalkinen H;Cq-
C=C-SiMe; und H;C4,-C=C-CMe; — cis/trans-Isomerie und
Substituentenaustausch. Z. Anorg. Allg. Chem. 2008, 634, 2889—2896.

(21) UhL, W.; Claesener, M. Twofold Hydrogallation of C=C Triple
Bonds by H-GaCl, — Synthesis of Chelating Lewis Acids and Their
Application in Adduct Formation. Inorg. Chem. 2008, 47, 729—735.

(22) UhL W, Claesener, M.; Hepp, A.; Jasper, B.; Vinogradov, A,;
van Wiillen, L.; Koster, T. K.-J. The influence of halogen substituents
on the course of hydrogallation and hydroalumination reactions.
Dalton Trans. 2009, 10550—10562.

(23) Uhl, W.; Hepp, A.; Westenberg, H.; Zemke, S.; Wiirthwein, E.-
U,; Hellmann, J. Hydroalumination and Hydrogallation of 1,2-
Bis(trimethylsilylethynyl)benzene: Formation of Molecular Capsules
and C—C Bond Activation. Organometallics 2010, 29, 1406—1412.

(24) Uhl, W,; Claesener, M.; Kovert, D.; Hepp, A.; Wiirthwein, E.-U,;
Ghavtadze, N. A Unique Chlorine—Methyl Exchange Reaction upon
Treatment of Dichloroorganogallium Compounds, RGaCl,, with the
Bulky Alkyllithium Derivative LiC(SiMe;);. Organometallics 2011, 30,
3075—-3082.

(25) Uhl, W, Kovert, D,; Zemke, S.; Hepp, A. Unexpected
Formation of Ga,C,H, Heteroadamantane Cages by the Reaction of
Carbon-Bridged Bis(dichlorogallium) Compounds with tert-Butyl-
lithium. Organometallics 2011, 30, 4736—4741.

(26) Uhl, W,; Layh, M,; Rhotert, L; Wollschliger, A,; Hepp, A.
Hydroalumination versus Deprotonation of Alkynes with Sterically
Demanding Substituents. Z. Naturforsch,, B: ]. Chem. Sci. 2013, 68,
503-517.

(27) Schmidt, E. S.; Jockisch, A.; Schmidbaur, H. Isomerism of
dimeric cis-ethene-1,2-di(alkylamido)gallium hydrides and chlorides.
Dalton Trans. 2000, 1039—1043.

(28) Cole, M. L.; Jones, C; Junk, P. C,; Kloth, M,; Stasch, A.
Synthesis and Characterization of Thermally Robust Amidinato Group
13 Hydride Complexes. Chem. - Eur. J. 2008, 11, 4482—4491.

(29) Jones, C; Mills, D. P.; Rose, R. P. Oxidative addition of an
imidazolium cation to an anionic gallium(I) N-heterocyclic carbene
analogue: Synthesis and characterisation of novel gallium hydride
complexes. J. Organomet. Chem. 2006, 691, 3060—3064.

(30) Bonello, O.; Jones, C.; Stasch, A.; Woodul, W. D. Group 2 and
12 Metal Gallyl Complexes Containing Unsupported Ga-M Covalent
Bonds (M = Mg, Ca, Sr, Ba, Zn, Cd). Organometallics 2010, 29, 4914—
4922.

(31) Singh, S.; Ahn, H. J.; Stasch, A.; Jancik, V.; Roesky, H. W.; Pal,
A.; Biadene, M.; Herbst-Irmer, R.; Noltemeyer, M.; Schmidt, H. G.
Syntheses, Characterization, and X-ray Crystal Structures of f-
Diketiminate Group 13 Hydrides, Chlorides, and Fluorides. Inorg.
Chem. 2006, 45, 1853—1860.

(32) Seifert, A.; Scheid, D.; Linti, G.; Zessin, T. Oxidative Addition
Reactions of Element—Hydrogen Bonds with Different Polarities to a
Gallium(I) Compound. Chem. - Eur. J. 2009, 15, 12114—12120.

(33) Turner, J.; Abdalla, J. A. B.; Bates, J. L; Tirfoin, R; Kelly, M. J;
Phillips, N.; Aldridge, S. Formation of sub-valent carbenoid ligands by
metal-mediated dehydrogenation chemistry: coordination and activa-
tion of H,Ga{(NDippCMe),CH}. Chem. Sci. 2013, 4, 4245—4250.

(34) Abdalla, J. A. B.; Riddlestone, I. M.; Tirfoin, R.; Aldridge, S.
Cooperative Bond Activation and Catalytic Reduction of Carbon
Dioxide at a Group 13 Metal Center. Angew. Chem., Int. Ed. 20185, 54,
5098—5102.

(35) Herappe-Mejia, E.; Trujillo-Hernandez, K.; Gardufio-Jiménez, J.
C.; Cortés-Guzman, F.; Martinez-Otero, D.; Jancik, V. Synthesis of
substituted f-diketiminate gallium hydrides via oxidative addition of
H—O bonds. Dalton Trans. 2015, 44, 16894—16902.

(36) Griitzmacher, H. Cooperating Ligands in Catalysis. Angew.
Chem., Int. Ed. 2008, 47, 1814—1818.

(37) Dzik, W. I; van der Vlugt, J. I; Reek, J. N. H; de Bruin, B.
Ligands that Store and Release Electrons during Catalysis. Angew.
Chem., Int. Ed. 2011, 50, 3356—3358.

(38) Lyaskovskyy, V.; de Bruin, B. Redox Non-Innocent Ligands:
Versatile New Tools to Control Catalytic Reactions. ACS Catal. 2012,
2, 270—279.

(39) Luca, O. R; Crabtree, R. H. Redox-active ligands in catalysis.
Chem. Soc. Rev. 2013, 42, 1440—1459.

(40) Broere, D. L. J.; Plessius, R; van der Vlugt, J. I. New avenues for
ligand-mediated processes — expanding metal reactivity by the use of
redox-active catechol, o-aminophenol and o-phenylenediamine ligands.
Chem. Soc. Rev. 2015, 44, 6886—6915.

DOI: 10.1021/acs.inorgchem.7b02138
Inorg. Chem. XXXX, XXX, XXX—XXX


http://dx.doi.org/10.1021/acs.inorgchem.7b02138

Inorganic Chemistry

(41) Berben, L. A;; de Bruin, B.; Heyduk, A. F. Non-innocent ligands.
Chem. Commun. 2018, 51, 1553—1554.

(42) Cates, C. D.; Myers, T. W.; Berben, L. A. (IP),Ga™ Complexes
Facilitate Net Two-Electron Redox Transformations (IP = a-
Iminopyridine). Inorg. Chem. 2012, 51, 11891—11897.

(43) Kowolik, K;; Shanmugam, M.; Myers, T. W.; Cates, C. D,;
Berben, L. A. A redox series of gallium(III) complexes: ligand-based
two-electron oxidation affords a gallium—thiolate complex. Dalton
Trans. 2012, 41, 7969—7976.

(44) Cloke, F. G. N.; Hanson, G. R;; Henderson, M. J.; Hitchcock, P.
B.; Raston, C. L. Synthesis and X-Ray Crystal Structure of the First
Homoleptic Main Group Diazadiene Complex, Bis(1,4-di-t-butyl-l,4-
diazabuta-1,3-diene)gallium. J. Chem. Soc, Chem. Commun. 1989,
1002—1003.

(45) Kaim, W.; Matheis, W. Bis(1,4-di-tert-butyl-1,4-diazabutadiene)-
gallium is not a Gallium(II) Compound. J. Chem. Soc. J. Chem. Soc,
Chem. Commun. 1991, 597—598.

(46) Brown, D. S.; Decken, A.; Cowley, A. H. Gallium-Containing
67-Electron Ring Systems. J. Am. Chem. Soc. 1995, 117, 5421—5422.

(47) Baker, R. J,; Farley, R. D.; Jones, C.; Mills, D. P.; Kloth, M,;
Murphy, D. M. An EPR and ENDOR Investigation of a Series of
Diazabutadiene—Group 13 Complexes. Chem. - Eur. J. 2008, 11,
2972—-2982.

(48) Baker, R. J.; Jones, C.; Mills, D. P.; Pierce, G. A; Waugh, M.
Investigations into the preparation of groups 13—1S N-heterocyclic
carbene analogues. Inorg. Chim. Acta 2008, 361, 427—43S.

(49) Liu, Y; Li, S;; Yang, X.-J.; Li, Q.-S.; Xie, Y.; Schaefer, H. F.; Wy,
B. Alkali metal compounds of a gallium(I) carbene analogue
{:Ga[N(Ar)C(Me)],} (Ar = 2,6-Pr,CiH;). J. Organomet. Chem.
2011, 696, 1450—1455.

(50) Dange, D.; Choong, S. L.; Schenk, C.; Stasch, A.; Jones, C.
Synthesis and characterisation of anionic and neutral gallium(I) N-
heterocyclic carbene analogues. Dalton Trans. 2012, 41, 9304—9315.

(51) Baker, R. J.; Jones, C.; Kloth, M.; Mills, D. P. The reactivity of
gallium(I) and indium(I) halides towards bipyridines, terpyridines,
imino-substituted pyridines and bis(imino)acenaphthenes. New J.
Chem. 2004, 28, 207—213.

(52) Fedushkin, L. L.; Lukoyanov, A. N.; Ketkov, S. Y.; Hummert, M.;
Schumann, H. [(dpp-Bian)Ga—Ga(dpp-Bian)] and [(dpp-Bian)Zn—
Ga(dpp-Bian)]: Synthesis, Molecular Structures, and DFT Studies of
These Novel Bimetallic Molecular Compounds. Chem. - Eur. ]. 2007,
13, 7050—7056.

(53) Fedushkin, L. L.; Nikipelov, A. S.; Skatova, A. A.; Maslova, O. V,;
Lukoyanov, A. N.; Fukin, G. K; Cherkasov, A. V. Reduction of
Disulfides with Magnesium(II) and Gallium(II) Complexes of a
Redox-Active Diimine Ligand. Eur. J. Inorg. Chem. 2009, 2009, 3742—
3749.

(54) Petrov, P. A; Konchenko, S. N.; Nadolinny, V. A. A New
Approach to the Synthesis of Gallium(III) Complexes with a-Diimine
Ligands in the Radical Anion Form. Russ. J. Coord. Chem. 2014, 40,
885—890.

(55) Fedushkin, I. L.; Kazarina, O. V.; Lukoyanov, A. N.; Skatova, A.
A.; Bazyakina, N. L.; Cherkasov, A. V.; Palamidis, E. Mononuclear
dpp-Bian Gallium Complexes: Synthesis, Crystal Structures, and
Reactivity toward Alkynes and Enones. Organometallics 2015, 34,
1498—1506.

(56) Baker, R. J; Farley, R. D.; Jones, C.; Kloth, M.; Murphy, D. M.
The reactivity of diazabutadienes toward low oxidation state Group 13
iodides and the synthesis of a new gallium(I) carbene analogue. Dalton
Trans. 2002, 3844—3850.

(57) Jones, C.; Mills, D. P; Platts, J. A; Rose, R. P. Synthesis,
Structural Characterization, and Theoretical Studies of Complexes of
Magnesium and Calcium with Gallium Heterocycles. Inorg. Chem.
2006, 45, 3146—3148.

(58) Baker, R. J; Jones, C; Mills, D. P.; Murphy, D. M,; Hey-
Hawkins, E.; Wolf, R. The reactivity of gallium-(I), -(II) and -(III)
heterocycles towards Group 15 substrates: attempts to prepare
gallium—terminal pnictinidene complexes. Dalton Trans. 2006, 64—72.

(59) Zhao, Y.; Liu, Y.; Wang, Z.; Xu, W,; Liu, B;; Sy, J.-H.; Wu, B;
Yang, X.-J. Gallium complexes with a-diimine and phenazine in various
reduced states. Chem. Commun. 2015, S1, 1237—1239.

(60) Zhao, Y.; Liu, Y.; Li, Q.-S.; Su, J.-H. Synthesis and structures of
mononuclear and dinuclear gallium complexes with a-diimine ligands:
reduction of the metal or ligand? Dalton Trans. 2016, 45, 246—252.

(61) Fedushkin, I. L.; Sokolov, V. G.; Piskunov, A. V.; Makarov, V.
M.; Baranov, E. V,; Abakumov, G. A. Adaptive behavior of a redox-
active gallium carbenoid in complexes with molybdenum. Chem.
Commun. 2014, 50, 10108—10111.

(62) Fedushkin, L. L.; Skatova, A. A.; Dodonov, V. A,; Chudakova, V.
A.; Bazyakina, N. L.; Piskunov, A. V.; Demeshko, S. V.; Fukin, G. K
Digallane with Redox-Active Diimine Ligand: Dualism of Electron-
Transfer Reactions. Inorg. Chem. 2014, 53, 5159—5170.

(63) Fedushkin, I L.; Skatova, A. A; Dodonov, V. A; Yang, X.-J;
Chudakova, V. A.; Piskunov, A. V.; Demeshko, S.; Baranov, E. V.
Ligand “Brackets” for Ga—Ga Bond. Inorg. Chem. 2016, 55, 9047—
9056.

(64) Fedushkin, I. L.; Nikipelov, A. S.; Lyssenko, K. A. Reversible
Addition of Alkynes to Gallium Complex of Chelating Diamide
Ligand. J. Am. Chem. Soc. 2010, 132, 7874—7875.

(65) Fedushkin, L. L.; Nikipelov, A. S.; Morozov, A. G.; Skatova, A.
A.; Cherkasov, A. V,; Abakumov, G. A. Addition of Alkynes to a
Gallium Bis-Amido Complex: Imitation of Transition-Metal-Based
Catalytic Systems. Chem. - Eur. . 2012, 18, 255—266.

(66) Hardman, N. J.; Power, P. P. Dimeric Gallium Oxide and Sulfide
Species Stabilized by a Sterically Encumbered S-Diketiminate Ligand.
Inorg. Chem. 2001, 40, 2474—2475.

(67) Hardman, N. J; Phillips, A. D.; Power, P. P. In Group 13
chemistry: from fundamentals to applications; Shapiro, P. J., Atwood, D.
A, Eds; ACS Symposium Series; American Chemical Society:
Washington, DC, 2002; Chapter 1, pp 2—18.

(68) Baker, R. J.; Jones, C.; Kloth, M. Oxidation reactions of an
anionic gallium(I) N-heterocyclic carbene analogue with group 16
compounds. Dalton Trans. 2005, 2106—2110.

(69) Zhu, Z.; Wright, R. J.; Brown, Z. D; Fox, A. R;; Phillips, A. D.;
Richards, A. F; Olmstead, M. M,; Power, P. P. Chalcogenide/
Chalcogenolate Structural Isomers of Organo Group 13 Element
Derivatives: Reactions of the Dimetallenes ArMMAr’ (Ar’ = C4H;-
2,6-(C¢H;-2,6-Pr,),; M = Ga or In) with N,O or Sg To Give
(ArM™E), (E = O or S) and the Synthesis and Characterization of
[ArEM'], (M = In or TI; E = O, S). Organometallics 2009, 28, 2512—
2519.

(70) Hardman, N. J.; Eichler, B. E.; Power, P. P. Synthesis and
characterization of the monomer Ga{(NDippCMe),CH} (Dipp =
C¢H3Pr,-2,6): a low valent gallium(I) carbene analogue. Chem.
Commun. 2000, 1991—1992.

(71) Hardman, N. J.; Wright, R. J; Phillips, A. D.; Power, P. P.
Structures, Bonding, and Reaction Chemistry of the Neutral
Organogallium(I) Compounds (GaAr), (n =1 or 2) (Ar = Terphenyl
or Related Ligand): An Experimental Investigation of Ga—Ga Multiple
Bonding. J. Am. Chem. Soc. 2003, 125, 2667—2679.

(72) Wright, R. J.; Brynda, M; Fettinger, J. C.; Betzer, A. R;; Power,
P. P. Quasi-Isomeric Gallium Amides and Imides GaNR, and RGaNR
(R = Organic Group): Reactions of the Digallene, Ar'GaGaAr’ (Ar’ =
C¢H;-2,6-(C4H;-2,6-Pr,),) with Unsaturated Nitrogen Compounds. J.
Am. Chem. Soc. 2006, 128, 12498—12509.

(73) Zhu, Z.; Wang, X.; Peng, Y.; Lei, H.; Fettinger, J. C;; Rivard, E;
Power, P. P. Addition of Hydrogen or Ammonia to a Low-Valent
Group 13 Metal Species at 25°C and 1 atm. Angew. Chem., Int. Ed.
2009, 48, 2031—2034.

(74) Ziemkowska, W.; Kubiak, A.; Kucharski, S;; Wozniak, R;
Anulewicz-Ostrowska, R. Reactions of benzopinacol with group 13
alkyl metals: Crystal structure of MegIn,[OC(C4H;),C-
(C¢H;),0],(OCH;),, a new alkylalkoxo indium diolate. Polyhedron
2007, 26, 1436—1444.

(75) Ziemkowska, W.; Anulewicz-Ostrowska, R.; Cyrafski, M.
Synthesis and structural characterisation of alkylaluminium and
alkylgallium pinacolates. Polyhedron 2008, 27, 962—968.

DOI: 10.1021/acs.inorgchem.7b02138
Inorg. Chem. XXXX, XXX, XXX—XXX


http://dx.doi.org/10.1021/acs.inorgchem.7b02138

Inorganic Chemistry

(76) Revunova, K.; Nikonov, G. L. Base-Catalyzed Hydrosilylation of
Ketones and Esters and Insight into the Mechanism. Chem. - Eur. J.
2014, 20, 839—84S.

(77) Sokolov, V. G.; Koptseva, T. S.; Moskalev, M. V.; Piskunov, A.
V.; Samsonov, M. A,; Fedushkin, I. L. Aluminium hydrides supported
with radical-anionic and dianionic acenaphthene-1,2-diimine ligands.
Russ. Chem. Bull. 2017, in press.

(78) Moskalev, M. V.; Skatova, A. A.; Chudakova, V. A.; Khvoinova,
N. M,; Bazyakina, N. L.; Morozov, A. G.; Kazarina, O. V.; Cherkasov,
A. V.; Abakumov, G. A.; Fedushkin, I. L. Hydroamination of alkynes
with aromatic amines catalyzed by digallane (dpp-Bian)Ga—Ga(dpp-
Bian). Russ. Chem. Bull. 2015, 64, 2830—2840.

(79) Luo, B.; Pink, M.; Gladfelter, W. L. Gallane Complexes with
Amido-Amine Ligands. Inorg. Chem. 2001, 40, 307—-311.

(80) Robinson, G.; Tang, C. Y.; Képpe, R;; Cowley, A. R;; Himmel,
H.-J. A New Class of Binuclear Gallium Hydrides: Synthesis and
Properties of [{GaCl(hpp)H},] (hpp = 1,3,4,6,7,8-Hexahydro-2H-
pyrimido[1,2-a]pyrimidate). Chem. - Eur. J. 2007, 13, 2648—2654.

(81) Veith, M.; Vogelgesang, H.; Huch, V. Cyclosiloxanes Containing
a Gallium Atom as Ring Member from the Reaction of tert-
Butoxygallane with Di- and Trisiloxanediols. Organometallics 2002,
21, 380—388.

(82) Pennington, W. T.; Chakraborty, S.; Paul, I. C.; Curtin, D. Y.
Crystal Structures of D-(+)- and meso-Hydrobenzoin. Absolute
Direction of the Dipole Moment of D- and L-Hydrobenzoin in the
Crystal and Correlation with Crystal Morphology, Pyroelectric Effect,
and Absolute Configuration. J. Am. Chem. Soc. 1988, 110, 6498—6504.

(83) Moskalev, M. V.; Lukoyanov, A. N.; Baranov, E. V.; Fedushkin,
I L. Unexpected reactivity of an alkylaluminumcomplex of a non-
innocent 1,2-bis[(2,6-diisopropylphenyl)imino Jacenaphthene ligand
(dpp-Bian). Dalton Trans. 2016, 45, 15872—15878.

(84) Garnov, V. A, Nevodchikov, V. L; Abakumova, L. G
Abakumov, G. A.; Cherkasov, V. K. New tetrahydro-2,3-naphthoqui-
nones. Bull. Acad. Sci. USSR, Div. Chem. Sci. 1987, 36, 1728—1730.

(85) Bruker SMART, APEX2; Bruker AXS Inc.: Madison, Wisconsin,
2012.

(86) Agilent. CrysAlis PRO; Agilent Technologies Ltd: Yarnton,
Oxfordshire, England, 2014.

(87) Sheldrick, G. M. SHELXT — Integrated space-group and
crystal-structure determination. Acta Crystallogr, Sect. A: Found. Adv.
2015, 71, 3-8.

(88) Sheldrick, G. M. Crystal structure refinement with SHELXL.
Acta Crystallogr., Sect. C: Struct. Chem. 2018, 71, 3—8.

(89) Bruker. SADABS; Bruker AXS Inc.: Madison, Wisconsin, 2001.

DOI: 10.1021/acs.inorgchem.7b02138
Inorg. Chem. XXXX, XXX, XXX—XXX


http://dx.doi.org/10.1021/acs.inorgchem.7b02138

